The isolation and purification of palmitoyl-CoA synthetase from rat liver microsomes is described. Several methods suitable for enzyme assay are described. The general properties and kinetic parameters of the purified enzyme were determined and are discussed in relationship to microsomal fatty acid activation.
followed by 100 ml of acetone and finally washed twice with 100 ml of ether. The ether-washed residue was dried exhaustively in a stream of N2 and stored at -15°C. The protein content of this preparation ranged from 65% to 70% of the dry weight ('lipid-depleted microsomal preparation').
Deoxycholate extraction. A 1.Og portion of 'lipid-depleted' microsomal preparation was suspended in 20ml of icecold 0.1 M-glycylglyeine-NaOH buffer, pH 8.0, containing 0.125M-sucrose and 2.5% (w/v) of sodium deoxycholate. The suspension was homogenized in a Potter-Elvehjemtype homogenizer, and the clear solution was kept at 40C for 10min, after which it was diluted with 6vol. of cold 1.5mM-dithiothreitol and centrifuged at lOOOOOg for 60 min. The clear supernatant was dialysed overnight at 40C against 75vol. of 50mM-tris-HCl buffer, pH7.9, containing 0.1 M-sucrose, 1 mM-EDTA and 0.25mM-dithiothreitol ('deoxycholate extract'). Ammonium sulphate fractionation. To 100 ml of the above extract 4.5g of (NH4)2SO4 was added slowly, the pH being kept at 8.2-8.3. The supernatant obtained by centrifuging the suspension at 15000g for 20min was acidified slowly to pH7.4 with lm-HCl. To the clear supernatant obtained after centrifugation of the suspension at 15 OOOg for 20 min was added 25 g of(NH4)2S04, the pH being maintained at 7.4. The residue obtained after centrifugation was suspended in 25ml of 0. glycerol buffer ', composed of 20% (v/v) glycerol, 50mM-tris-HCl buffer, pH 7.9 (at 40C), 0.025% (w/v) deoxycholate, ImM-EDTA and 0.25 mM-dithiothreitol and was dialysed against 100vol. of 0.4M-KCI in 20% (v/v) glycerol buffer. The dialysed clear solution was stored at -15°C ('ammonium sulphate fraction').
DEAE-Sephadex fractionation. The ammonium sulphate fraction was diluted with 0.4M-KCI in 20% (v/v) glycerol buffer to give a protein concentration of 15 mg/ml, and mixed for 30min with a suspension of DEAESephadex A-50 previously equilibrated with the same buffer. The proportion of anion-exchanger to protein was kept at 0.25 ml bed volume of resin/mg of protein. The suspension was filtered on a Buohner funnel and the residue washed with the same buffer. The filtrate and washing were then diluted with 20% (v/v) glycerol buffer to a final concentration of 0.2M-KCI and applied on a column of DEAE-Sephadex A-25 previously equilibrated with 0.2M-KCI in 20% (v/v) glycerol buffer. The activity was eluted by means of 0.2M-KCI in 20% (v/v) glycerol buffer ('DEAE-Sephadex fraction').
Hydroxyapatite fractionation. The DEAE-Sephadex fraction was applied on a column of hydroxyapatite equilibrated with 0.2 M-KCI in glycerol buffer. The amount of hydroxyapatite used was kept at 20mg/mg of protein.
The column was packed with a 1:1 (w/w) mixture of hydroxyapatite and cellulose. Activity was eluted stepwise, by washing successively with 0.05, 0.1, 0.2, 0.4 and 0.5M-K2HPO4 in 3.5% (w/v) glycerol buffer. The fractions with the highest specific activity obtained by the 0.2-0.5 M-K2HPO4 elution steps were dialysed against 3.5% (v/v) glycerol buffer and concentrated by precipitation with 40% (w/v) (NH4)2SO4 ('hydroxyapatite fraction').
Gelfiltration. The hydroxyapatite fraction was applied in a minimal volume on a column (150cmx2.5cm) of Sephadex G-200 previously equilibrated with 3.5% (v/v) glycerol buffer. The enzyme activity was eluted by ascending chromatography with 3.5% (v/v) glycerol buffer as the eluent. The fractions containing the highest specific activity were pooled, dialysed against 20% (v/v) glycerol buffer and stored at -15°C ('purified enzyme fraction').
Methods of enzyme determination CoASH disappearance. The reaction mixture contained 150 mM-tris-HCl buffer, pH7.4, 0.25mg of Triton X-100, 2 mM-EDTA, 50 mM-MgCl2, 20mM-ATP, 200 p,M-potassium palmitate, 300,um-CoASH and 5-15,tg of enzyme protein in a total volume of 0.25ml. Incubations were carried out for 10min at 370C and terminated by the addition of 0.75ml of 0.5mM-5,5'-dithiobis-(2-nitrobenzoic acid) in 0.1 M-potassium phosphate buffer, pH 8.0. Addition of enzyme at the termination of the reaction served as a blank. The decrease in E413 was measured in a Gilford spectrophotometer. The molar extinction coefficient given by CoASH under these conditions was assumed to be 1.36 x 104cm-1 (Ellman, 1958 (Dole, 1956) , 0.35 ml of water and 0.6 ml of heptane. The contents were mixed and centrifuged, and the heptane layer was removed. The lower phase was washed five times with 0.6 ml portions of heptane. All washings were discarded and 0.4 ml of the lower phase was assayed for radioactivity. In blank experiments the enzyme was added at the end of the incubation.
Palmitate formation from [1-'4C]palmitoyl-CoA. The reaction mixture contained 150mM-tris-HCl buffer, pH7.4, 0.25mg of Triton X-100, 2mM-EDTA, 20mM-MgC12, 25mm-AMP, 4.0mM-Na4P207 and 2mM-[1-14C]-palmitoyl-CoA (1,Ci/t,mol) in a total volume of 0.25 ml. Incubations were carried out at 370C with shaking for 20min. The reaction was terminated by the addition of 1 ml of Dole reagent, 0.35 ml of water and 0.6 ml of heptane and mixing. After centrifugation the upper heptane layer containing the radioactive palmitic acid was separated and the lower phase washed once with 0.6 ml of heptane containing a few nanomoles of palmitic acid carrier. After centrifugation the heptane layer was added to the original heptane supernatant and a portion was assayed for radioactivity. AMP was omitted in the blank experiments.
Other methods. Pi was determined by the method of Parvin & Smith (1969) . Protein was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) with dry albumin as a standard or by the method of Warburg & Christian (1941) . Measurements of radioactivity were carried out by scintillation counting in toluene-ethanol (2:1, v/v) scintillation fluid. Polyacrylamide-gel electrophoresis was carried out as described by Clarke (1964) with tris-glycine buffer, pH8.4, and gels of 7.5% (w/v) polyacrylamide containing 0.3% of crosslinker. Gels were stained as described by Chrambach, Reisfeld, Wyckoff & Zaccari (1967) . 354 1971 RESULTS I8olation and purification of enzyme. Lipid depletion ofthe microsomal preparation is necessary for the following procedure to yield any fractionation of the enzyme. The lipid-depleted microsomal preparation is stable at -15°C for at least 2 months and serve § as a suitable starting material for the preparation of purified enzyme ( Table 1) . As lipid depletion in aqueous medium causes complete inactivation, only freeze-dried microsomal preparation may be subjected to this procedure under strictly anhydrous conditions. Extraction of lipiddepleted microsomal preparation by deoxycholate is very efficient, with almost complete solubilization of the microsomal proteins. The pellet obtained by centrifugation of the deoxycholate extract is enriched in ribonucleoprotein and is devoid of activity. After extraction by deoxycholate, extensive dialysis is carried out to prevent enzyme inactivation caused by the presence of a high concentration of sodium deoxycholate (0.4%, w/v) in the extraction medium. However, a certain minimum concentration of sodium deoxycholate (0.025%, w/v) was maintained throughout the purification procedure, as no activity could be eluted from the anion-exchanger resin (DEAESephadex) in its total absence from the eluent buffer even at high salt concentrations (up to 1.1 M) and at pH values between 7.4 and 10.5. The presence of deoxycholate in the eluent buffer of the hydroxyapatite and Sephadex G-200 fractionation steps is not essential for the elution of the enzyme fraction. However, attempts to separate the detergent from the enzyme fraction by these two purification procedures were unsuccessful.
The elution profile of the purified enzyme fraction subjected to gel filtration through Sephadex G-200 is shown in Fig. 1 . Preliminary molecular-weight determination of the purified enzyme fraction by gel filtration through Sepharose 6-B gave a value of 250 000± 25000. The determined molecular weight is presumably exaggerated owing to the presence of an unknown amount of detergent bound to enzyme.
On polyacrylamide-gel disc electrophoresis palmitoyl-CoA synthetase activity was found only with the protein band remaining at the start of the column. The purified protein fraction could not be introduced into the column electrophoretically, even by lowering the gel concentration to 2% or by varying the cross-linker concentration from 2 to 25% of the total gel concentration.
The purified enzyme fraction was free of adenosine triphosphatase and inorganic pyrophosphatase when assayed by the procedures described in the Materials and Methods section with protein concentrations in the range specified for measuring fatty acid activation. With palmitoyl-CoA as substrate, palmitoyl-CoA hydrolase activity was shown to contaminate even the most purified enzyme fraction.
The enzyme fractions obtained by the procedure described are relatively stable at protein concentrations greater than 5mg/ml at -15°C in the presence of 20% (v/v) glycerol buffer. Glycerol and dithiothreitol are-necessary for stability. Activity declines progressively on storage at 40C. Thus purification of the enzyme after deoxycholate extraction is accompanied by a progressive decline of enzyme, specific activity. Specific-activity values shown in Table 1 -Triton X-100 -Enzyme +5,5'-Dithiobis-(2-nitrobenzoic acid) (20uM) +Hexokinase+glucose (Harrison, Gray & De Cloux, 1969) . With the purified enzyme strict specificity towards ATP and CoASH is observed (Table 3) . Specificity towards the fatty acid substrate covers the range ofC2-C18 saturated as well as unsaturated fatty acids (Table 4) . It should be noted that the
Vmax. values described in Table 4 were obtained at saturation concentrations of all other reactants.
The activation of fatty acid requires the presence of Triton X-100 (Fig. 3a) . Although albumin can replace Triton X-100 it is rather less effective (Fig. 3b) . The activation of fatty acid is inhibited at high albumin concentrations, presumably be- cause albumin competes with the enzyme for the fatty acid substrate. Egg phosphatidylcholine serves as well as Triton X-100, although when mixed together they interfere with each other (Table 5) . Similarly the inhibition observed at high albumin concentrations is not relieved in the presence of Triton X-100. It should be pointed out that Triton X-100 is not required for fatty acid activation catalysed by intact, freeze-dried or lipid-depleted microsomal preparations. A protein factor isolated from the supernatant fraction by the procedure of Farstad (1967) and capable of activating microsomal palmitoyl-CoA synthetase under specified conditions caused no such activation ofthe purified enzyme fraction under incubation conditions described in the Materials and
Methods section (CoASH disappearance). It remains to be determined whether the difference observed is due to differences in incubation conditions (Aas, 1969; Farstad, 1967) . General properties: the reverse reaction. The substrate requirements for the system catalysing the backward reaction are listed in Table 2 . Initial-velocity rate patterns determined by varying the concentrations of the different substrates participating in the forward reaction are described in Figs. 6-9. Care was taken to maintain the non-variable substrates at saturating concentrations on titration of the variable substrate. Thus the kinetic parameters obtained (Table 7a) Pande & Mead (1968b) that phospholipid is an 'integral part of the microsomal palmitate activating enzyme', whereas the effect of phospholipid on oleate activation is limited to a detergent-like action. The fact that the relatively drastic lipid-depletion step introduced in the present purification procedure causes no loss in specific enzyme activity makes it seem doubtful that phospholipids exert their effect through lipidenzyme interaction. The significant increase in protein content/g dry wt. after lipid-depletion of the freeze-dried microsomal preparation makes it unlikely that the extraction of lipid is inefficient under anhydrous conditions. On the other hand catalysis of palmitoyl-CoA synthesis by the purified fraction depends on the presence of Triton X-100, egg phosphatidylcholine or serum albumin. The fact that these different substances can replace each other suggests a non-specific detergent-like function of all of them. However, the possibility that detergents bound to the protein moiety may simulate a lipoprotein complex similar to the original complex presumed to exist in the microsomal preparation cannot be ruled out. Lipid analysis of the purified fraction will clarify the role of detergent and phospholipid in the activation of fatty acids. The degree of homogeneity of the purified enzyme is open to speculation. Although a single symmetrical elution curve of constant specific activity is obtained on gel filtration, as well as a single band by polyacrylamide-gel disc electrophoresis,. the following points should be considered. -(a) The purification factor is relatively low. However, loss in activity during purification may be caused either by ageing (the enzyme is stable only at -15°C) or by the loss of some cofactor in one of the purification steps. (b) The single band obtained by disc electrophoresis stays at the origin, apparently because of the inability of the enzyme to enter the gel. Electrophoretic homogeneity has therefore to be tested in a free medium. (c) Appreciable palmitoyl-CoA hydrolase activity was found to be a contaminant of the purified palmitoyl-CoA synthetase. However, the possibility that these two enzyme activities reside in the same protein cannot be dismissed.
The substrate specificity of the purified enzyme fraction is different from that reported for microsomal preparations. In guinea-pig liver (Kornberg & Pricer, 1953) and pig intestinal-mucosa microsomal preparation (Ailhaud et al. 1962 ) the fatty acid-specificity ranged from Cs -to C22, maximal reaction rates being observed with decanoate, laurate or myristate. On the other hand, in both cat and guinea-pig intestinal preparations the highest reaction rate was observed with palmitate (Brindley & Hiubscher, 1966) . On the basis of differences in the CoASH requirement, two different activation systems have been suggested for rat liver catalysing the activation of long-chain saturated Vol. 122 361 fatty acids and of long-chain unsaturated fatty acids, i.e. oleate, linoleate, linolenate and arachidonate, respectively (Pande & Mead, 1968b) . The fatty acid specificity of the purified enzyme fraction reported in the present paper ranges from C12 to C08, with negligible activation rates observed beyond this range. Maximum activation rates were observed with palmitate and stearate, consistent with the known fatty acid profiles of rat liver lipids. It should be pointed out that the fatty acid specificity reported here reflects the rates obtained on saturating the enzyme with the fatty acid substrate in each case, thus avoiding differences in solubility or substrate-enzyme interaction. Further, it is noteworthy that the same purified enzyme fraction catalyses the activation of the C18 unsaturated fatty acids, thus excluding the necessity for two different activation enzymes as mentioned above. Whether the wide range of specificity towards fatty acid substrates reported for microsomal preparations is due to contamination of the 100 OOOg pellet by mitochondrial medium-chain fatty acid synthetase (Bar-Tana, Rose & Shapiro, 1968) or whether it reflects a novel microsomal activation system catalysing activation of CS-C12 fatty acids remains to be elucidated. With regard to the thiol-group specificity it has been reported ) that the microsomal enzyme catalyses the formation of palmitoyl-glutathione; the present study shows a strict specificity towards the CoASH thiol group. Similarly a high degree of specificity exists with regard to the adenine nucleotide that participates in the activation of fatty acid. The activation exhibited by UTP is believed to be due to ATP contamination. In this connexion it should be noted that in the activation system isolated from Escherichia coli CTP is capable of partially replacing ATP (Samuel et al. 1970) .
The kinetic parameters obtained with the purified enzyme are in agreement with the respective values for microsomal preparation. With palmitate as the substrate in the microsomal system the Km values for ATP and CoASH were found to be 4mm and 37,uM respectively (Pande & Mead, 1968b) , corresponding to those of the purified enzyme. The Km values obtained for the different fatty acid substrates are all of the same order of magnitude, about 10P.M.
We hope that the purified enzyme described above will facilitate the elucidation of the mechanism of activation of long-chain fatty acids.
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